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ABSTRACT
A survey of 30 nearby M6.0-M7.5 dwarfs with Ks < 12 mag utilizing the
Hokupa’a adaptive optics system at the Gemini North Telescope has discov-
ered 3 new binary systems. All 3 systems have separations between 0.12-
0.29′′ (3 - 10AU) with similar mass ratios (q> 0.8, ∆Ks < 0.7). This result
gives further support to the suggestion that wide (a> 20AU) very low mass
(Mtot < 0.185M⊙) binary systems are exceedingly rare or perhaps even non-
existant. The semimajor axis distribution of these systems peaks at ∼ 5AU,
tighter than more massive M and G binary distributions which have a broad
peak at separations of ∼ 30AU. We find a sensitivity-corrected binary fraction
in the range of 5+4−2% for M6.0-M7.5 stars with separations a> 3AU. This bi-
nary frequency is less than the ∼ 32% measured among early M dwarfs over
the same separation range. Two of the low-mass binaries are probable Hyades
open cluster members based on proper motions, cluster membership probabili-
ties, radial velocities, and near-IR photometry. LP415-20 has the distinction of
being the tightest (3.6AU) multiple system ever spatially resolved in the cluster
and the companions of LP415-20 and LP475-855 are among the least massive
objects ever resolved in the Hyades with estimated masses of 0.081+0.009−0.010 and
0.082+0.009−0.009M⊙.
Subject headings: instrumentation: adaptive optics—binaries: general—stars: low
mass—stars: individual (LP415-20, LP475-855, 2MASSWJ1750129+442404)—
open clusters: individual: Hyades
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1. Introduction
High spatial resolution surveys allow for the detection of faint companions such as very
low mass (VLM) stars, brown dwarfs, and possibly giant planets. These surveys also tell
us something about the frequency of binary systems, their separations, mass ratios, and the
variation in these parameters as a function of the primary’s mass. Together they help place
empirical constraints on binary star formation mechanisms.
Many of the statistical studies on binaries have concentrated on field stars in the im-
mediate solar vicinity. Duquennoy & Mayor (1991) conducted a spectroscopic survey of
G-dwarfs and estimated a multiplicity fraction of approximately 50% at separations greater
than 3AU. Proceeding down the main sequence at similar separations, the fraction appears
to drop monotonically: ∼ 32% for M0-M4 dwarfs (Fischer & Marcy 1992), ∼ 15% for M8.0-
L0.5 (Close et al. 2003), ∼ 10 - 15% for L dwarfs (Bouy et al. 2003; Gizis et al. 2003), and
∼ 10% for T dwarfs (Burgasser et al. 2003). From the same surveys, semimajor-axis separa-
tions also appear to be a function of primary mass. While G and early M dwarfs (M0-M4)
show broad separation peaks of ∼ 30AU, late M (≥M8), L, and T dwarfs appear to have
separations closer to ∼ 2 - 5AU. As also noted in the above references, evidence suggests
that both the binary fraction and mean semimajor axis are functions of primary mass.
As part of a larger survey (Close et al. 2003), we sample here a portion of the M
dwarf spectral range not previously surveyed, namely M6.0-M7.5. We measure the binary
frequency, binary separations, and mass ratios comparing the results to stars slightly more
and less massive. The adaptive optics (AO) techniques used to make our observations and
the 3 newly discovered binaries: LP415-20, LP475-855, and 2MASSW J1750129+442404 are
discussed in the following section while in §3 we present our data reduction techniques. The
two LP objects are suspected Hyades cluster members and we examine their membership
probabilities in §4 along with the systems’ derived characteristics such as distances, ages,
temperatures, spectral types, and masses. We conclude by discussing the binary frequency
and separation distribution of M6.0-M7.5 dwarfs in §5.
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2. An Adaptive Optics Survey of Nearby M Stars
2.1. The Survey
In 2001, we commenced the first ground-based, AO infrared survey searching for faint
companions (giant planets, brown dwarfs, and VLM1 stars) around VLM stars at the Gemini
North telescope. The survey strategy combines 4 observational advantages: 1) the low
luminosity of VLM stars, 2) the near diffraction-limited resolution (∼ 0.1′′) of AO in the
near-IR (NIR; 1-2.5 µm), 3) high sensitivity to cool objects in the NIR, 4) a large aperture
telescope.
The overall survey targets M6.0-L0.5 dwarf objects with Ks < 12 from mainly 2MASS
stars listed in Cruz et al. 2003 (in preparation), Reid et al. (2002), Gizis et al. (2000), and
Kirkpatrick et al. (2000). To date, we have observed 69 of these objects detecting 12 binary
systems, 10 of which are newly discovered. In Close et al. (2002b) we presented a summary
of our initial findings targetting M8.0-M9.5 stars: 20 objects observed, 4 binary systems
discovered, with at least one of the four companions most likely a brown dwarf with spectral
type ∼L7. Freed, Close, & Siegler (2003) presented the tightest (3AU) brown dwarf (∼L7.5)
ever imaged around a star, LHS 2397a. Close et al. (2003) summarize the whole survey and
discuss implications for brown dwarf/VLM binary formation theory. Here we present, in
detail, the results from a subset of our survey targetting 30 M6.0-M7.5 stars. The selection
constraints of our observed objects, mainly from Gizis et al. (2000), are galactic latitude b
> 20◦ (for 0< α < 4.5 hours, δ < 30◦) and Ks< 12.
2.2. Guiding on Very Faint VLM Guide Stars
One of the challenges when utilizing AO is locating sufficiently bright guide stars close
enough to one’s scientific object such that the isoplanatic error does not reduce the Strehl
ratio to unusable levels. When observing 20◦ out of the galactic plane, as we are here, the
challenge becomes even more significant since there are even fewer bright natural guide stars
(V<16). Thus the capability of guiding an AO system directly on one’s target object in the
absence of bright natural or artificial guide stars becomes an important scientific capability.
However, if the science object itself is a very faint VLM star (V≃ 19, I= 14 - 16), locking an
AO system may be quite difficult. Most AO systems cannot guide on such faint targets. As
explained elsewhere (Close et al. 2002a; Siegler, Close, & Freed 2002), working exceptions
1In this paper we refer to VLM binaries as those with Mtot < 0.185M⊙.
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are curvature-based AO systems which employ red-sensitive, photon-counting, avalanche
photodiodes (APDs) with effectively zero read-noise in their wavefront sensors. We utilized
the recently decomissioned University of Hawaii curvature AO system Hokupa’a (Graves et
al. 1998) which was a visitor instrument on the 8m Gemini North Telescope. Hokupa’a is a
highly sensitive curvature AO system and well suited to guiding on nearby, faint, late-type M
stars producing 0.13′′ images at K′ band. This capability has allowed us to survey the nearest
late M and early L stars in order to characterize their binary nature and search for VLM
stellar and substellar companions. Two of the discovery binaries in this paper, LP415-20
and LP475-855, both had V magnitudes of 19.2 (Bryja, Humphreys, & Jones 1994; Leggett,
Harris, & Dahn 1994, respectively).
2.3. Observations
The M6.0-M7.5 survey was conducted during 4 observing runs in 2001 and 2002 at the
Gemini North telescope on Mauna Kea. A total of 30 objects were observed and 3 new
binary systems were discovered. Table 1 lists the objects observed with no likely physical
companion detections between 0.1′′ - 15′′ (∼ 3 - 300AU). Table 2 lists the 3 newly discovered
binary systems, their photometry, and the dates observed.
Each of the observations were made by dithering over 4 different positions on the Univer-
sity of Hawaii’s Quick IR Camera (QUIRC) containing a 1024×1024 infrared array detector
with a platescale of 0.0199′′/ pixel (Hodapp et al. 1996). At each dither position we took
3×10 s exposures at J, H, K′ bands and longer 3×30 s exposures at H to improve the detec-
tion sensitivity of faint companions. Each object was additionally analyzed within its halo
for even nearer, very faint companion objects as explained in the following section.
3. Reduction
The images were reduced using an AO data reduction pipeline written in the IRAF
language as described in Close et al. (2002a). Unlike conventional NIR photometry, we pur-
posefully disabled the Cassegrain rotator so that the pupil image remained fixed with respect
to the camera and detector. The residual PSF aberrations including telescope primary and
secondary structures remained static and fixed in the final images, allowing for compara-
tive identification of companions without confusion from the rotation of PSF artifacts. The
pipeline compensates for this in the final images by rotating each image by the parallactic
angle as described in Close et al. (2003).
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The pipeline produces final unsaturated 120 s exposures in three NIR bandpasses: J
(FWHM ≃ 0.15′′), H (FWHM ≃ 0.14′′), and K′ (FWHM ≃ 0.13′′) with deep 360 s exposures
(FWHM ≃ 0.14′′) at H band for each observed binary system. The dithering of the shorter
exposures produces a final 30′′ × 30′′ image with the most sensitive overlap region (10′′ ×
10′′) centered on the binary. A technique that we used to search for tight companions
potentially orbiting within the halo of the primary involved Fourier filtering the low spatial
frequency components leaving behind only high frequency residuals in the PSF. With the
Cassegrain rotator disengaged, potential companions within the halo could have been easily
differentiated from PSF artifacts. However, no very faint companions were found in the halo
of our primaries using this technique. All 3 binary systems were detected from reductions of
the shorter exposures. Figure 1 shows K′ images of each of the new systems.
Photometry was performed using the DAOPHOT PSF fitting photometry package in
IRAF. The PSFs used were reduced 12×10 s unsaturated single stars observed during the
same night with similar IR brightness, spectral type, and air mass. Adjustments to the
PSF were made in some cases to match slight PSF elongations due to the AO system. This
technique was successfully employed for the data reduction of the 0.29′′ separated LP475-855
and the K′ images of each of the 2 tightly separated LP systems. The errors in ∆mag are
the differences in the photometry between 2 similar PSF stars.
DAOPHOT could not successfully separate the two blended components of LP415-20
and 2M1750 in the J and H bands due to the lower Strehl ratios of the AO system at these
shorter wavelengths. Instead, we use a technique applied by Freed, Close, & Siegler (2003)
which uses the annulus photometry task phot on the images that have had their low spatial
frequencies previously removed. This purely differential technique preserves the relative
magnitude difference while removing sufficient primary halo flux to reveal the companions
clearly seen in K′. The technique gave reliable ∆mags and was verified on binary images
with known ∆mags with, however, increased photometric uncertainties of about 0.10 mag.
We calculate individual fluxes and their uncertainties from the measured flux ratios of
the binaries and the integrated 2MASS apparent magnitudes (Gizis et al. 2000), along with
their respective uncertainties. In order to work with the 2MASS blended Ks photometry
we seek a conversion from ∆K′ to ∆Ks. We find ∆K
′ ≃ ∆Ks to within 0.02 mag for
0.8 < (J-Ks)< 2.0 according to the models of Chabrier et al. (2000) for objects between
0.05-0.10M⊙. Hence, we simply assume ∆K
′=∆Ks. Table 3 lists the photometry and
derived characteristics of the new binary systems. Overall uncertainty in the flux includes
this ∆mag error along with the 2MASS error for the integrated image per bandpass.
The platescale and orientation of the IR camera were determined from a short exposure
of the Trapezium cluster in Orion and compared to published positions (Simon, Close, &
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Beck 1999). From these observations a platescale of 0.0199±0.0002′′/pix and an orientation
of the Y-axis (0.3± 0.3 degrees E of north) was determined.
4. Analysis
4.1. Are the Companions Physically Related to the Primaries?
Our target list consists mainly of objects > 20◦ above the galactic plane so we did not ex-
pect to observe many background stars in our images. From the 69 objects already observed
in the total survey (6.2× 104 square arcsec), we did not detect any additional (J -Ks) > 0.8
mag (background) objects in any of the fields. Thus the probability of a chance projection
of an object within 0.5′′ of the primary is estimated to be < 1.3 × 10−5. Furthermore, if
we consider the possibility that our apparent companions are actually background M6-M8
dwarfs fainter by a ∆ magnitude of 1.5 mag (ie. they are twice as distant as their primaries),
we estimate the probability of a background M6-M8 (with a stellar density of 0.007/pc3;
Reid & Gizis (1997a)) appearing within 0.5′′ of any of our 30 targets to be ∼ 3 × 10−7.
Additionally, none of the companion images appear spatially extended as might be expected
for background galaxies. Therefore, we conclude that all three very red objects are physically
associated with their primaries and hereafter will refer to them as LP415-20B, LP475-855B,
and 2MASSWJ1750129+442404B (2M1750B, hereafter).
4.2. Distances
With none of the 3 binary systems having published trigonometric parallaxes, we esti-
mate photometric distances based on trigonometric parallaxes of other nearby VLM stars
(Dahn et al. 2002). We construct a color-magnitude diagram (CMD) of M6.5-L1 stars in
Figure 2 using 2MASS photometry and parallaxes from Dahn et al. (2002). We cut the fit
at M6.5 based on evidence in the Dahn/2MASS photometry of an upward break just blue-
ward of J-Ks ≈ 0.95. Gizis et al. (2000) show similar evidence in their Figure 1 for Hyades
members as do Leggett, Harris, & Dahn (1994). In Figure 3 we overplot our CMD from Fig-
ure 2 onto a CMD of the faintest candidate low mass Hyads from Leggett, Harris, & Dahn
(1994). The Dahn et al. (2002)/2MASS data match very well with the Leggett, Harris, &
Dahn (1994) Hyades results redward of ∼ 0.95mag. With all our binary components having
J-Ks & 0.97, we believe that the linear fit of Figure 2 redward of J-Ks ≈ 0.95 to be justified
for either field or apparent Hyades members as well. This also suggests that the differences
in the CMD for the Hyades and other field stars due to astrophysical effects (age, metallicity,
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log(g), etc.) are less than our observational errors. We find (Fig. 2) a linear least-squares
fit of MKs = 7.65 + 2.13 (J-Ks) for the spectral range M6.5-L1. The rms scatter in MKs is
0.33 mag which when taken in quadrature with the uncertainty in the photometry gives the
overall MKs error. The result is nearly identical to the CMD fit of Gizis et al. (2000) using
parallaxes of late M dwarfs. We then use the distance modulus of the primary to estimate
the distances to the binaries. This method estimates photometric distances of 30±5, 29±5,
and 31± 6 pc for LP415-20A, LP475-855A, and 2M1750A, respectively (Table 3).
Before we commence an analysis of the ages, temperatures, spectral types, and masses of
these new objects, we consider the possibility that 2 of the discovered binaries are members of
the Hyades open cluster. Assigning cluster membership is quite valuable in that it provides
credible ages and abundances. In turn, known ages place tighter constraints on estimated
temperatures and masses using theoretical evolutionary tracks. LP415-20 and LP475-855
are only offset by approximately 3◦ from the cluster center which is well within the ∼ 12◦
tidal radius of the cluster. Furthermore, 95% of 190 cluster members from a Hipparcos study
of the Hyades (Perryman et al. 1998) have trigonometric distances between 25 and 73 pc.
LP415-20 and LP475-855 have photometric distances of 30± 5 and 29± 5 pc, respectively.
We examine further the membership probabilities of these two objects in the next section.
4.3. LP 415-20 and LP 475-855: Hyades Members?
Two of our objects, LP415-20 and LP475-855, have been previously discussed in the
literature as candidate Hyades members (LP415-20=Bryja 262; Bryja et al. (1992); Eggen
(1993); Reid (1993); Bryja, Humphreys, & Jones (1994); Stauffer et al. (1994); Gizis et al.
(2000); LP475-855= [LHD] 042614+13312=2MASSWJ0429028+133759; Leggett & Hawkins
(1989); Eggen (1993); Leggett, Harris, & Dahn (1994); Gizis et al. (2000)) with varying con-
clusions over their membership. Classifying individual objects as bona fide cluster members
is often problematic, especially in a nearby open cluster such as the Hyades whose proximity
(mean distance ∼ 45 pc) means that it occupies more than 200 square degrees of sky. Besides
the proximity in the sky to the cluster center and consistent distances, we consider several
additional factors in evaluating if these two objects are members of the Hyades: 1) proper
motions, 2) cluster membership probabilities, 3) radial velocities, and 4) NIR photometry.
When we compare the proper motions and radial velocities of LP415-20 and LP475-855
to that of the Hyades, we find it useful to have a kinematic model for field stars to which we
can compare them. We generate a Monte Carlo simulation of 100,000 synthetic stars with
the kinematic properties of ultracool M dwarfs (SpT≥M7) at the positions and photometric
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distances (∼30 pc) of the 2 candidate systems, LP415-20 and LP475-855. For our kinematic
model, we use the velocity ellipsoid for ultracool M dwarfs given by Reid et al. (2002; eq. 2).
This defines a Local Standard of Rest (LSR) for ultracool dwarfs as well as a 3D velocity
dispersion.
The likelihood of membership is best judged when all factors are evaluated collectively.
We discuss each of them and list both measured data from the literature and predicted
quantities for Hyades members in Table ??.
4.3.1. Proper Motions
We show in Figure 4 a proper motion vector diagram showing the proper motions of both
candidate objects (Gizis et al. 2000) along with the proper motions of Tycho-2 Catalogue
stars (Høg et al. 2000) within 5◦. The outlined sectors represent the regions where the proper
motions of Hyades cluster members are expected to lie according to Bryja, Humphreys, &
Jones (1994) - between 90◦ and 135◦ east of north and proper motions in the range 74-
140 mas/yr. The proper motions of LP415-20 and LP475-855 fall within this proper motion
space while the majority of field stars covers a distinctively different portion of proper motion
space.
What do the proper motions of field late-M stars look like with respect to the positions
of the 2 LP objects in Figure 4? The proper motion of the mean space motion (LSR) of
ultracool dwarfs as a function of distance is shown as a diagonal line (solar reflex motion).
The centroid of the proper motion distribution of 100,000 ultracool M dwarfs from our
simulation (large open circles) is the LSR motion at the photometric distances for LP415-20
and LP475-855. Hence, the LSR is located in a distinctively different portion of proper
motion space from the LP stars and Hyades loci. In the next section, we will attempt to
quantify the probability of a field star moving at this solar reflex motion is a member of the
Hyades using the moving cluster method.
4.3.2. Cluster Membership Probabilities
Convergent point analysis selects cluster members based on proper motions and posi-
tions without any assumptions of their spatial distribution. Therefore, the technique can
identify moving groups which share a constant velocity vector. However, a star moving to-
wards a cluster convergent point does not prove cluster membership but a non-converging
motion can exclude it. We transform the equatorial proper motion components (µα, µδ) for
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our objects to the proper motion towards the Hyades convergent point (µ‖) and perpendic-
ular to the convergent point-star great circle (µ⊥). The orthogonal component µ⊥ can be
considered a rough indicator of the relative probability of cluster membership whereby the
larger the absolute value of µ⊥, the lower the likelihood of membership. To estimate mem-
bership probabilities, we use the formulae from de Bruijne (1999, eq. 23 and those in §2.1),
the de Bruijne et al. (2001) Hyades convergent point solution (αcp,δcp)= (97.29
◦,+6.86◦),
Stot=46.38 km/s, vdisp=0.3 km/s, and proper motion uncertainties of 10mas/yr in α and
δ for the 2 LP objects (J. Gizis, private communication). We calculate membership prob-
abilities for LP415-20 and LP475-855 of 90% and 98%, respectively. Reid (1993) assigned
LP415-20 a 15-50% membership probability but using a pre-Hipparcos convergent point
solution for the Hyades.
Quantifying the discussion from the previous section, hypothetical field stars at the
positions of LP415-20 and LP475-855 at the photometric distance (∼ 30 pc) moving with
the LSR for ultracool dwarfs would have Hyades membership probabilities of well under 1%
(10−8). We find that only 2.5% and 2.4% of the Monte Carlo sample of ultracool M dwarf
field stars have membership probabilities higher than 90%, for LP415-20 and LP475-855,
respectively.
4.3.3. Radial Velocities
The moving cluster method also predicts radial velocities for cluster members. Using
the positions of our binary systems and the Hyades convergent point solution, the method
predicts 38.7 ± 0.3 km/s and 40.1 ± 0.3 km/s for LP415-20 and LP475-855, respectively.
The uncertainty in radial velocities is due to just the internal velocity dispersion following
de Bruijne et al. (2001). LP415-20’s radial velocity has been observed at 43.9 ± 3.9 km/s
(Stauffer et al. 1994) and 36± 4 km/s (Jones, Fischer, & Stauffer 1996). Reid et al. (2002)
measured 44.3 ± 2.0 km/s for LP475-855. The values are not inconsistent with cluster
membership, especially if orbital motions are considered (the radial velocity amplitude of
the primary is of order 2 - 3 km/s using the masses we derive in §4.5).
Figure 5 shows a predicted radial velocity distribution along the line of sight of the
Hyades for an M-dwarf sample as calculated by Stauffer et al. (1994). Within this distri-
bution, Stauffer et al. (1994) find a narrow range of radial velocities for known low mass
Hyades. The measured radial velocities of the two candidate objects fall in this range of
radial velocities for Hyades members.
Quantifying this further we ask: What fraction of field stars have radial velocities within
– 10 –
a given threshold of the predicted Hyades velocity? Our Monte Carlo simulation shows that
only 12% of ultracool M-dwarf field stars would have radial velocities within ±5 km/s of
the Hyades mean. The uncertainty in our predicted radial velocities are mostly in the
internal velocity dispersion of the cluster and is relatively insensitive to variations in the
assumed distances, the observational radial velocity errors (2-4 km/s), and the proper motion
uncertainties. Our simulation, using a velocity ellipsoid for ultracool dwarfs, predicts radial
velocities of +25 km/s for stars moving with the LSR at the positions of both LP objects .
4.3.4. NIR Photometry
Reid & Mahoney (2000), using a Hyades moving cluster distance (∼ 40 pc), show the
unresolved system LP415-20 to lie 0.5 - 1.0 mag above the main sequence for late-type Hyades
dwarfs on a [MV , (V-I)] CMD. This is consistent with an over-luminous, unresolved binary.
Conducting a photometric study of low mass stars in the Hyades, Leggett, Harris, & Dahn
(1994) considered LP475-855 too luminous to be a Hyades member according to its position
on a [MK , (V-K)] CMD using moving cluster derived distances (Reid 1993). In Figure 3 we
plot the positions of our two candidates’ A and B components at their photometric distances
on a [MK , (J-K)] CMD using NIR photometry from Leggett, Harris, & Dahn (1994). Both
companions are within 1σ of the average Hyades main sequence.
We note that LP415-20 and LP475-855 are along the line of sight towards the Taurus-
Auriga star forming region which is ∼ 150 pc away. We discount membership to the distant
Taurus clouds since their proper motions are too large. The average proper motion of stars
in the Taurus-Auriga molecular clouds is (µα, µδ) = (+4, -17) mas/yr (Frink et al. 1997)
while LP415-20 and LP475-855 have proper motions of (+127, -36) mas/yr and (+103, -16)
mas/yr, respectively (Gizis et al. 2000). Not only are the proper motions nearly an order of
magnitude too high, but their velocity direction is nearly 90◦ off. Also, placing the LP stars
at d=150 pc leads to Vtan=94 km/s and 104 km/s, respectively. Tangential velocities this
high are not observed for young stars.
It should be noted that the moving cluster method makes its own distance predictions of
41+8−6 pc and 47
+8
−6 pc for LP415-20 and LP475-855, respectively (using de Bruijne et al. (2001)
convergent point solution and Gizis et al. (2000) proper motions; the errors are dominated
by the uncertainties in proper motions of the primaries and the internal velocity dispersion of
the cluster). The greater distances are both within 2 σ of the photometric-derived distances
and may be due to a potential underestimation of the photometric distances in the MKs
upturn shown in Figure 3. While these larger distances are statistically consistent with the
– 11 –
photometric distances, they correspond to more luminous primaries (MKs =9.1 and 8.8 mag
for LP415-20 and LP475-855, respectively). As we shall examine in §4.5, these absolute
magnitudes will correspond to stars with hotter temperatures (Chabrier et al. 2000) and
estimated spectral types of ∼M5 and M4 (Dahn et al. 2002). Our measured ∆Ks values
would therefore imply companion magnitudes of MKs =9.8 and 9.3mag which correspond
to predicted spectral types of M7.5 and M6.0, respectively. Consequently, we would expect
blended spectra to be approximately M5.0-M6.0 for the LP binaries. However, the LP objects
have measured blended spectra of M7±1.0 and M7.5±1.0 spectral types (LP415-20: Bryja,
Humphreys, & Jones (1994); Gizis et al. (2000); LP475-855: Gizis et al. (2000); Reid et al.
(2002)). Alternatively, the photometric distances predict temperatures and spectral types,
as we shall examine, more consistent with spectral observation and hence we will use the
photometric distances throughout the rest of this paper.
In summary, based on photometric distances, proper motions, moving cluster proba-
bilities, radial velocities, and NIR photometry, LP415-20 and LP475-855 appear to have
characteristics consistent with membership in the Hyades open cluster. Both LP415-20
and LP475-855 have radial velocities within 5 km/s of the Hyades mean radial velocity and
Hyades membership probabilities of ≥ 90%. Our Monte Carlo simulations show that the
fraction of field stars with Hyades membership probabilities ≥ 90% and radial velocities
within 5 km/s of the Hyades mean are a mere ∼ 0.3%. Trigonometric parallaxes of the
two LP objects, however, would be the decisive piece of data which would enable definitive
membership classification. Table 4 summarizes these results and compares them to values
near the cluster’s center.
4.4. Ages
Membership of LP415-20 and LP475-855 in the Hyades open cluster provides a narrow
age range of 625± 50 Myr for these objects (Perryman et al. 1998). In addition, high reso-
lution spectra taken of LP475-855 (Reid et al. 2002) found no Li, inferring that the primary
is at least 0.1Gyr; the other two objects have not yet been analyzed for Li. Determining an
age estimate for 2M1750 is a difficult task with no Li detections to provide an upper limit.
In this case we conservatively assume a typical range of common ages in the solar neighbor-
hood of 0.6 - 7.5 Gyr (Caloi et al. 1999) and estimate a mean age of ∼ 3 Gyr considering the
binary’s tangential velocity (Vtan = 17 km/s) is on the lower end of the tangential velocities
listed in Gizis et al. (2000).
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4.5. Spectral Types and Temperatures
While we do not have spatially resolved spectra of the individual components in any
of the 3 new systems, LP415-20 and LP475-855 have had blended spectra taken by several
groups confirming their M dwarf classification. Bryja, Humphreys, & Jones (1994) concluded
LP415-20 was an M6.5 while Gizis et al. (2000) estimated it as M7.5. Gizis et al. (2000)
classified LP475-855 (M7.0) and 2M1750 (M7.5). We estimate the spectral types of each of
the binary components by using the available trigonometric parallaxes for M6.5-L1.0 dwarfs
(Dahn et al. 2002) that have corresponding released 2MASS photometry and fit them to their
known spectral types (Dahn et al. 2002). We find (Fig. 6) a linear least-squares fit of SpT
= 4.54MKs - 27.20 where the spectral types are quantified (eg. SpT=8 is an M8, SpT=10
is an L0, etc). The residual scatter is 0.85 spectral types which when taken in quadrature
with the uncertainty in MKs gives an overall uncertainty of 1.5 spectral types. The results
are listed in column 6 of Table 3. Our results are consistent with the past classifications
from the literature.
Effective temperatures of the binary components are estimated from the DUSTY evo-
lutionary tracks using calculated MKs values and estimated ages (Figures 7-9). The results
are listed in Table 5. We compare in Table 5 our results with those predicted for M6.5-L1.0
field stars from the Dahn et al. (2002) spectral type - Teff relationship. There is very good
agreement between the two results.
4.6. Masses
We also utilize the DUSTY evolutionary tracks (Chabrier et al. 2000) to estimate the
component masses of the three binary systems (see Figures 7-9). The tracks provide the-
oretical estimates for both stellar and substellar masses as a function of both absolute Ks
magnitude and age. The tracks are calibrated for the Ks bandpass (I. Baraffe, private com-
munication) and we slightly extrapolate the isochrones from 0.10 to 0.11M⊙ to estimate the
upper mass limits of the primaries. A primary’s mass is estimated knowing both its age
and absolute Ks. The companion’s absolute magnitude is simply determined by adding the
measured ∆Ks to its primary’s MKs. The crosses indicate the best estimates of where the
binary components lie on the tracks and their uncertainties are represented by the shaded
regions. The primary’s region of uncertainty is indicated in bold outline and the companion’s
is dashed. Note that their uncertainty regions overlap. The maximum mass is related to
the minimum MKs at the oldest possible age; the minimum mass is related to the maximum
MKs at the youngest possible age. The uncertainty in the masses is largely due to both the
uncertainty in the J band photometry, where the AO’s resolution was poorest, and the error
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(σ=0.33 mag) in our CMD linear fit from Figure 2. The uncertainty in J band photometry
propagates as error in the J-Ks color and hence in the MKs determination. Table 3 lists
the estimated masses for all 3 binary systems. All 3 systems’ primary masses are consistent
with M7-type dwarfs and their secondaries all appear stellar, however, their uncertainties
extend into the substellar region. The extended regions of uncertainty reinforce the need for
trigonometric parallaxes of these objects.
LP415-20B and LP475-855B are among the lowest mass objects spatially resolved to
date in the Hyades with best estimate masses of 0.081+0.009−0.010M⊙ and 0.082
+0.009
−0.009M⊙, respec-
tively (there is a ∼ 0.25mas spectroscopic brown dwarf candidate companion RHy 403B
discussed in Reid & Mahoney (2000) and a 0.04M⊙ brown dwarf candidate companion of
V471 Tauri (Guinan & Ribas 2001); LH0418+13 is estimated at 0.083M⊙ in Reid & Haw-
ley (1999)). Additionally, the LP415-20 system would be the tightest system resolved to
date in the cluster with a projected separation of 3.6 ± 0.7AU. The tightest known bina-
ries in the Hyades are the 2 confirmed spectroscopic binaries from Reid & Mahoney (2000),
RHy42 and RHy403, with semimajor axis of 0.61 and 0.0047AU, respectively. The tightest
resolved binary in the Hyades was previously RHy371, 6.8AU, observed by HST (Reid &
Gizis 1997a).
5. Discussion
5.1. The Binary Frequency of M6.0-M7.5 Stars
One of the goals of our overall survey is to characterize the multiplicity of late M stars.
Close et al. (2003) report a binary fraction of 15±7% for M8.0-L0.5 binaries with separations
> 3 AU. Complimenting their spectral type range, we present here the results from the
largest flux limited (Ks < 12) high-resolution imaging survey of M6.0-M7.5 primaries. From
a sample of 30 target objects we have spatially resolved 3 systems that have companions.
In order to estimate the binary fraction over this spectral range we examine two different
techniques - Malmquist bias adjustment and flux ratio distribution limits.
We attempt to compensate for the leakage of equal magnitude binaries into our sample
from further distances. The number of stars in the sample is adjusted upward by the ratio
between the volume containing approximately 95% of our detected binaries and the volume
containing approximately 95% of our target objects so as to compensate for fainter single
stars that were not originally included. This results in a scaling factor of (30.3/23.7)3=2.09.
This gives a Malmquist corrected binary frequency of 3/(30 × 2.09) = 4.8% with a Poisson
uncertainty of ±2.8%.
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Burgasser et al. (2003) explored the limiting cases of the ratio of flux distributions
emitted from binary stars for a magnitude-limited sample like ours. Using an observed un-
corrected binary fraction of 0.1 (3/30), we consider 2 limiting cases for the flux ratio f(ρ)
distribution: 1) all the binary systems are of equal magnitude (q = ρ = 1) resulting in a
binary fraction of = 4%; 2) the flux ratio distribution is flat and the binary fraction rises to
6%. This results in a binary frequency range of 4− 6% which is consistent with the 5± 3%
we estimated when correcting for the Malmquist bias. Burgasser et al. (2003) derive a more
accurate estimate of uncertainty for small samples using the binomial distribution. In this
case the binary fraction is 5+4−2% (A. Burgasser, private communication). Hence we con-
clude that for binaries with separations 3AU< a< 300AU the M6.0-M7.5 binary frequency
is within the range 5+4−2%.
This result is significantly lower than the ∼ 32% observed for earlier M0-M4 dwarfs
(Fischer & Marcy 1992) but more comparable with the 15±7% for later M8.0/early L (Close
et al. 2003), 10 - 15% and 15±5% for L dwarfs (Bouy et al. 2003; Gizis et al. 2003, respectively)
and 9+15−4 % for T dwarfs (Burgasser et al. 2003). Our binary fraction is also comparable to
open cluster surveys of M dwarfs in the Hyades (11±5%; Reid & Gizis 1997b) and brown
dwarfs in the Pleiades (15+15−5 %; Martin et al. 2003). We note the peculiar result of Pinfield
et al. (2003) who predict binary frequencies of ∼ 50 ± 10% for ultracool M dwarfs in the
Pleiades and Praesepe open clusters using over-luminous positions on NIR CMDs to predict
multiplicity. They claim the missing binaries have not been detected in the other surveys
because the systems, a` la PPl 15 (Basri & Mart´ın 1999), are spectroscopic (aproj < 1AU) and
beyond the resolution limit. However, Reid et al. (2002) conducted a spectroscopic binary
survey of field M dwarfs and found 2 out of 36 targets. This implies a bias-corrected fraction
of only 3+3−2% (Burgasser et al. 2003).
Is there a possible explanation for our lower result, 5+4−2%, besides small number statis-
tics? Over as narrow a spectral range as we have here, could there have been conditions in
the local star formation process that led to a shortage of certain binary masses? We are more
inclined to believe that these results are largely influenced by small number statistics and
that our results are statistically consistent to within 1.5σ of the later objects. We conclude,
therefore, that for binary systems with separations 3AU< a< 300AU the M6.0-M7.5 binary
frequency from our survey, while only within the range 5+4−2%, is statistically consistent with
less massive M, L, and T stars and significantly less common than that of G and early M
stars.
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5.2. The Separation Distribution Function
Even though our survey is sensitive out to 10′′ (∼ 300 AU), all 3 observed binary systems
had projected separations < 0.3′′ (3 - 9AU) apart. We do not detect any wide (> 20AU)
VLM binary systems in our sample. Consequently, this rules out a sensitivity selection effect.
This is consistent, and apparently without exception, in 31 other VLM binaries from several
researchers as recorded in Table 4 of Close et al. (2003) and 3 recent brown dwarf binary
discoveries in the Pleiades (Martin et al. 2003). Sensitive to only 14AU, this may explain
why Reid & Gizis (1997b) found no Hyades brown dwarf binary systems from 53 HST PC
observations.
When we compare binary surveys that are sensitive to separations ≥ 2AU, there is
consistency between the median separation of our 3 new binaries (5AU) and the peak dis-
tribution (∼ 2-5 AU) of late M/early L binaries (Close et al. 2003), L dwarfs (Gizis et al.
2003; Bouy et al. 2003), and T dwarfs (Burgasser et al. 2003). Going towards earlier spectral
types there appears to be an increase in the semimajor axis separation. Fischer & Marcy
(1992) and Duquennoy & Mayor (1991) show a broad separation peak of ∼ 30 AU for early
M and G dwarfs, respectively. We conclude that the semimajor axes of M6.0-M7.5 binaries
appear consistent with those of late M, L, and T dwarf systems but are significantly smaller
on average than early M and G stars.
The difference between the separation distributions of these VLM binaries and more
massive binary systems suggests that there may be important differences in their formation
and evolution processes as well. This is further supported by the observed preference of
equal-mass systems (q≥ 0.7) as seen in this paper and for all the VLM binaries (Close et
al. 2003; Martin et al. 2003) as compared to the flatter distributions of Fischer & Marcy
(1992) and Duquennoy & Mayor (1991). Ejection models (Reipurth & Clarke 2001), high-
resolution hydrodynamical simulations (Delgado-Donate et al. 2003), collapsing turbulent
molecular clouds (Bate, Bonnell, & Bromm 2002), and multi-body decay models (Sterzik &
Durisen 2003) have not been able to predict both the ∼ 15% VLM binary fractions observed
and the ∼ 60% binary fraction for the more massive ∼G-type stars. Our results reported
here hope to add to the constraints of these and future formation and evolutionary models.
6. Summary
We have conducted the largest survey of nearby M6.0-M7.5 dwarfs with Ks < 12 mag
using the AO system Hokupa’a at the Gemini North telescope. The survey consisted of 30
stars and discovered 3 new binary systems with relatively equal mass components (q> 0.8)
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and close projected separations of 0.12-0.29′′ (3 - 10AU). While none of the binaries have
been confirmed by common proper motions, they are very likely to be bound based on space
density arguments. We have used various astrometric, observational, and statistical argu-
ments to characterize the VLM binary frequencies and separations that contribute additional
empirical constraints to binary formation mechanisms:
• We estimate the binary frequency of spectral type M6.0-M7.5 main sequence stars for
separations 3AU< a< 300AU from this survey to be 5+4−2%. The figure is lower than,
but statistically consistent with, slightly later type M, L, and T dwarfs to within 1.5σ.
However, the frequency is less than that measured in studies of earlier M and G dwarfs.
• The separations of the 3 systems are all < 10 AU and consistent with the separations
of later type M and L dwarfs (separation peak ∼ 2 - 5AU). This is in stark contrast
with the broad peak separations of ∼ 30 AU for the more massive M and G binaries.
• Two of the new systems are probable Hyades cluster members based on proper motions,
moving cluster membership probabilities, radial velocities, and photometry. LP415-20
and LP475-855 have Hyades membership probabilities of 90% and 98%, respectively.
Our simulations show that only ∼ 0.3% of ultracool field M dwarfs at the photometric
distances of the LP stars would have both Hyades membership probabilities > 90%
and radial velocities within 5 km/s of the Hyades mean value. Both LP stars satisfy
these criteria.
• Triginometric distances would settle the question of membership. Assuming mem-
bership, the LP415-20 system is the tightest spatially resolved binary to date in the
Hyades cluster with a projected separation of 3.6 ± 0.7 AU and the companions to
LP415-20 and LP475-855 are among the lowest mass objects resolved to date in the
cluster (0.081+0.009−0.010M⊙ and 0.082
+0.009
−0.009M⊙, respectively).
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Table 1. M6.0-M7.5 Stars Observed with No Physical Companion Detections Between
0.1′′-15′′
2MASS Name Other Name Ks SpT Ref.
2MASSI J0330050+240528 LP 356-770 11.36 M7.0 1
2MASSI J0752239+161215 9.82 M7.0e 2
2MASSI J0818580+233352 11.13 M7.0 1
2MASSW J0952219-192431 10.85 M7.0 1
2MASSW J1016347+275150 LHS 2243 10.95 M7.5 1
2MASSI J1024099+181553 11.21 M7.0 1
2MASSW J1049414+253852 11.39 M6.0 1
2MASSI J1124532+132253 10.03 M6.5 2
2MASSW J1200329+204851 11.82 M7.0 1
2MASSW J1237270-211748 11.64 M6.0 1
2MASSW J1246517+314811 LHS 2632 11.23 M6.5 1
2MASSI J1253124+403404 11.20 M7.5 4
2MASSW J1336504+475131 11.63 M7.0 1
2MASSW J1344582+771551 11.83 M7.0 1
2MASSI J1356414+434258 10.63 M7.5 2
2MASSP J1524248+292535 10.15 M7.5 3
2MASSW J1527194+413047 11.47 M7.5 3
2MASSW J1543581+320642 LP 328-36 11.73 M7.5 1
2MASSW J1546054+374946 11.42 M7.5 1
2MASSW J1550381+304103 11.92 M7.5 1
2MASSW J1757154+704201 LP 44-162 10.37 M7.5 1
2MASSW J2052086-231809 LP 872-22 11.26 M6.5 1
2MASSW J2221544+272907 11.52 M6.0 1
2MASSW J2233478+354747 LP 288-31 11.88 M6.0 1
2MASSI J2235490+184029 LP 460-44 11.33 M7.0 1
2MASSW J2306292-050227 10.29 M7.5 1
2MASSW J2313472+211729 LP 461-11 10.42 M6.0 1
References. — (1) Gizis et al. (2000) (2) Cruz et al. (in preparation) (3)
Reid et al. (2002) (4) Kirkpatrick, Henry, & McCarthy (1991).
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Table 2. The New Binary Systems
System ∆J ∆H ∆K ′ Sep. (mas) P.A. (deg) Date Observed (UT)
LP 415-20a 0.84 ± 0.15 0.77± 0.10 0.66± 0.06 119± 8 91.2± 0.7 2002 Feb. 07
LP 475-855b 0.48 ± 0.05 0.43± 0.04 0.48± 0.03 294± 5 131.6± 0.5 2001 Sep. 22
2MASSW J1750129+442404 0.74 ± 0.15 0.73± 0.15 0.64± 0.10 158± 5 339.6± 0.7 2002 Apr. 25
aAlso known as Bryja 262.
bAlso known as [LHD94] 042614.2+13312 and 2MASSWJ0429028+133759.
– 22 –
Table 3. Summary of the New Binaries’ A and B Components
Name J H Ks MKs
a SpTb dphot (pc)
c Mass (M⊙)d Sep. (AU) P (yr)e
LP415-20A 13.09 ± 0.06 12.47 ± 0.05 12.12± 0.04 9.72± 0.38 M7.0 30± 5 0.097+0.011−0.012 3.6± 0.7 23
+7
−6
LP415-20B 13.93 ± 0.16 13.24 ± 0.11 12.78± 0.08 10.37± 0.39 M9.5 0.081+0.009−0.010
LP475-855A 13.21 ± 0.04 12.54 ± 0.04 12.18± 0.04 9.84± 0.36 M7.5 29± 5 0.093+0.012−0.009 8.6± 1.5 86
+20
−19
LP475-855B 13.69 ± 0.07 12.97 ± 0.06 12.66± 0.05 10.32± 0.36 M9.5 0.082+0.009−0.009
2M1750A 13.23 ± 0.06 12.62 ± 0.06 12.24± 0.05 9.77± 0.39 M7.5 31± 6 0.097+0.012−0.012 4.9± 0.9 36
+10
−9
2M1750B 13.97 ± 0.16 13.35 ± 0.16 12.88± 0.11 10.41± 0.41 M9.5 0.085+0.006−0.016
aMKs = 7.65 + 2.13(J-Ks) with a rms σMKs = 0.33. Relationship is valid for M6.5<SpT<L1. See §4.2 for more detail.
bSpectral type estimated by SpT=3.54MKs - 27.20 with ±1.5 spectral subclasses of error in these estimates (SpT = 10 is defined as an
L0; valid for M6.5<SpT<L1). See §4.5 for more detail.
cDistances based on MKs as described in §4.2.
dMass determination uses the models of Chabrier et al. (2000). See Figures 7 - 9 in this paper.
ePeriods include a 1.26 multiplication of the projected separations compensating for random inclinations and eccentricities (Fischer &
Marcy 1992).
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Table 4. Hyades Members: A Comparison
LP415-20 LP 475-855 Hyades Cluster Center
RA (J2000) 04:21:49.56a 04:29:02.83a 04:26:47.96f
DEC (J2000) +19:29:08.6a +13:37:59.2a +16:33:14.60f
proper motion (µα, µδ) (mas/yr) (127,-36)
a (103,-16)a (106,−27)i
proper motion (µ‖, µ⊥) (mas/yr) (132,-5)
h (104,-2)h (109, 0)b
measured radial velocity (km/s) 43.9±3.9d, 36±4e 44.3±2.0c 39.5±0.3f
predicted radial velocity (km/s) 38.7±0.3b 40.1±0.3b 39.5±0.3f
photometric distance (pc) 30.3± 5.4b 29.3± 5.0b 46.3±0.3g
moving cluster distance (pc) 41+5−4
h 47+8−6
h 46.3±0.3g
membership probability (%) 90h 98h 100
References. — (a) Gizis et al. (2000); (b) calculated in this paper using the space motion and convergent point solution for
the Hyades from de Bruijne et al. (2001); (c) Reid et al. (2002); (d)Stauffer et al. (1994); (e) Jones, Fischer, & Stauffer (1996);
(f) de Bruijne et al. (2001); (g) 95% of Hyades members in Perryman et al. (1998) have distances to cluster center between
25-73 pc; (h) calculated in this paper using the space motion from de Bruijne et al. (2001) and proper motions from Gizis et al.
(2000); (i) calculated in this paper using the space motion and distance from de Bruijne et al. (2001).
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Table 5. Estimated Temperatures
Object Spectral Typea DUSTY (K)b Dahn et al. (2002)/2MASS (K)c
LP415-20A M7.0 2750+170−170 2600±100
LP 415-20B M9.5 2460+190−220 2400±100
LP 475-855A M7.5 2700+160−170 2600±100
LP 475-855B M9.5 2480+170−200 2400±100
2M1750A M7.5 2740+180−190 2600±100
2M1750B M9.5 2460+180−250 2400±100
aSpectral types derived from MKs vs. SpT fit in Figure 6.
bTemperatures derived from MKs and age estimates using DUSTY evolutionary
tracks (Figures 7, 8, 9).
cTemperatures derived from fit of field star temperatures covering spectral type range
M6.5-L1.0 (Dahn et al. 2002, Table 5): Teff = -113.5 SpT+3471.9 (σ=98.5K).
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Fig. 1.— The three newly discovered binary systems observed at a resolution of 0.13′′ in
K′ (a) 9×10 s image of the LP415-20 binary observed on 2002 February 07, UT. (b) 1×10 s
image of the 2MASSW J1750129+442404 binary system observed on 2002 April 25, UT. (c)
9×10 s image of the LP475-855 binary observed on 2001 September 22, UT. Platescale is
0.0199′′/pixel. The contours are linear at the 90, 75, 60, 45, 25, and 15% levels. North is up
and east is to the left.
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Fig. 2.— Derived MKs magnitudes versus J-Ks colors using only 2MASS measured Ks
photometry and Dahn et al. (2002) triginometric parallaxes. Figure valid for M6.5-L1.0
dwarfs with the linear fit MKs = 7.65 + 2.13(J-Ks) shown. The scatter about this fit is
σ=0.33 mag.
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Fig. 3.— CMD showing the two candidate Hyades systems (open stars: LP415-20, open
squares: LP475-855) at photometric derived distances (30 and 39 pc, respectively) overplot-
ted onto a CMD of the faintest candidate low mass Hyads from Leggett, Harris, & Dahn
(1994). We convert, for the purposes of this figure, KCIT to (Ks)2MASS by subtracting 0.02
mag (Carpenter 2001). We show a typical error bar in the upper right for the Leggett,
Harris, & Dahn (1994) data. We fit the data as two distinct regions: a “blueward” segment
fits the steeply rising stars blueward of J-Ks=1.0 (σ = 0.59) and a “redward” segment fits
objects with MKs > 9 (bold lines). The dashed line is the best fit of M6.5-L1.0 field stars
using 2MASS photometry and trigonometric distances from Figure 2 (σ = 0.33). There is
good agreement between the two lines.
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Fig. 4.— Proper motion diagram for LP415-20 (top) and LP475-855 (bottom). The mea-
sured proper motions for these stars (Gizis et al. 2000) are indicated by filled circles with
error bars. For reference only, we plot the Hyades cluster member selection sectors as defined
by Bryja, Humphreys, & Jones (1994). The diagonal line defines the Local Standard of Rest
(LSR) for ultracool M dwarfs (Reid et al. 2002). The large open circle on the line is the LSR
motion at the photometric distances predicted for the LP stars (∼ 30 pc). The small open
circles are the proper motions for all Tycho-2 stars within 5◦ of LP415-20 and LP475-855
(N=1856 and 1679 stars, respectively).
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Fig. 5.— Radial velocity distribution from Stauffer et al. (1994) for field M dwarfs along the
line of sight to the Hyades plotted along with 18 observed radial velocities of known Hyades
objects (dark region). The measured radial velocities of our two candidate Hyades objects
fall within this colored region (LP415-20: Stauffer et al. (1994); Jones, Fischer, & Stauffer
(1996), LP475-855: Reid et al. (2002)).
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Fig. 6.— Derived spectral types for absolute Ks magnitudes. Data obtained from Dahn
et al. (2002) with corresponding photometry from 2MASS. Linear fit of spectral type is
SpT=3.54MKs - 27.20, valid for M6.5 - L1.0 dwarfs (a value of 10 is defined as an L0). The
scatter about this fit is σRMS =0.85 spectral types and when taken in quadrature with the
MKs uncertainty gives an uncertainty of 1.5 spectral types.
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Fig. 7.— Chabrier et al. (2000) DUSTY stellar and substellar evolutionary tracks custom
integrated over the Ks bandpass ([m/H]=0). The best-guess values of the 2 components
of LP415-20 are indicated by the bold crosses with the primary at the top right and the
companion at the bottom left. The polygons enclose the uncertainties in MKs and age
with the primary’s outlined by a solid line and the companion’s outlined by a dashed line.
Absolute magnitude of the primary is derived from the Figure 2 CMD; the observed ∆K
magnitude is added to obtain the secondary’s absolute magnitude. Age is that of the Hyades
(0.625±0.050Gyr). The model suggests a primary mass of 0.097+0.012−0.011M⊙ and a tempera-
ture of 2750+170−170K. For the companion, the model predicts a mass of 0.081
+0.009
−0.010M⊙ and a
temperature of 2460+190−220K. The isochrones plotted are 0.3, 0.6, 0.65, 0.7, 0.85, 1.2, 1.7, 3.0,
5.0, 7.5, and 10.0 Gyr (the last 4 isochrones are indistinguishable at the given scaling).
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Fig. 8.— As in Fig. 7 except for LP475-855. The model suggests a primary mass of
0.093+0.012−0.009M⊙ and a temperature of 2700
+160
−170K. For the secondary the model suggests a
mass of 0.082+0.009−0.009M⊙ and temperature of 2480
+170
−200K.
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Fig. 9.— As in Fig. 7 except for 2M1750 and a field age of 3.0+4.5−2.4 for the system. The
model suggests a primary mass of 0.097+0.012−0.012M⊙ and a temperature of 2740
+180
−190K. For the
secondary the model suggests a mass of 0.085+0.006−0.016M⊙ and a temperature of 2460
+180
−250K.
